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.CHALLENGES FOR AT-SOURCE MEASUREMENTS Characterization of the Carbon Surface. Understanding
the fundamental chemistry and reactivity of the carbon surface
is essentiato developing bettersensorsThis is especially
important when attempting to make measurements at-source,
out of the controlled lab settingCarbon exhibitsfavorable
electrochemicalharacteristics thare dependendn micro-
structure and overall morphology, unlike most metal
substratesyhich existas a single underlying entitfCarbon
surfacesare robustand relatively inertfacilitating an ideal
platform for heterogeneous electron transfer.

Despite carbon’srelative inertness this materialis still
. > ) ¢ . susceptibldo surface contamination thatcan substantially
risk. Many health-care practlthnermspltalsgnd industries  sgect electron transfer proces®es. strategy to studying the
do not have adequateanalytical laboratoriesand must  effects ofcontamination is to examine the ultraclean carbon
outsource analyskr the facilities that have on-site analyt'calsurfaceScanning electrochemiaalicroscopy (SECM) isa
laboratoriesinformation is often notdelivered quicklywith popular technique used by electrochemists to analyze electrode
hours or days required. Additionally, skilled laboratory  gyrface$® To characterize carbon surfaces a standard redox
personnelare required for samplecollection, preparation, systemRu(NH) 23", is often analyzed to determine the

and data runs. _ . o _ transfer rate constant k' 'Figure 1A is a schematic tife
Consequentlygchemicaldetection atthe site of interestis

greatly desirable,and, while the benefitsof on-site data
collection are evident, detecting analytes outside of a A Lym Kl

laboratory setting provides host of complicationsFactors g . ' otmes N\

such as portability oihstrumentsenergyaccessing samples,
-

Modern analysis methods are clearly very effedivegver,
these strategies are not always raefficient,or implement-
able outside ofa lab. Spectroscopic analysi$ten requires
costly, bulky instrumentation with high energy needd-or
ambientchemicalanalysisn the environment,this type of
analysis is prohibitive in situations that have limited abcess.
addition, spectroscopic analysfer the most part, requires
sample collection and preparatiavhich is time-consuming,
impracticaland fundamentally alters the speciation informa-
tion that is critical for assessing pollution arontamination

B > Argon purging

;O”m Tf o - ™ bt counter electrode
noise, technicalskill, pressuretemperaturehumidity, con- sonton)  ( ' ©
vectionjonic strengthpH, and sample contamination are but
a few issuesto address Electrochemicanalysishas made
importantstridesin recent yearsto tackle these issueand
provide easy-to-use measurement devVicissis because the
fundamental analysis occurs at a substrate (electrode) that ¢ ¢
be fashioned into an immersible forngirectly probing the | Mpoeie - pepclmnor

D
sampleof interestor integrated into a compactportable ] ) Fd
analyticaldevice.Carbon is a particularly popularsubstrate 1nm1j
<> ]
<>

> O-ring ID=0.6 cm

- Copper tape

Without KCI After KCl removal

material for this kind of analysis for a variety of reaguab,

are outlined in the following sectiémr the majority of cited 5 m
works,we focuson carbon asthe direct detection surface; sl e 0omm
howeverwe do add exampleswhere no other alternative T ’ -

existspf enzymatically or otherwise modified carbon electro-Figure 1.(A) Schematic representationtbe layer deposition and
des. thickness on 1.0 émubstrategB) Schematic of electrochemical cell
for voltammetry experiment€) AFM images ofsurface with KCI

protection layer and after remafakCI. R, and R are average and
-CARBON AS A VERSATILE AND SUSTAINABLE root-mean-squamdughnesstespectively(D) A%M surfacescan

ELECTRODE MATERIAL FOR AT-SOURCE profiles of the two surfacesin (C). Reproduced from Morteza

MEASUREMENTS NajarianA.; Chen,R_; Balla,R. J.; AmemiyaS.; McCreeryR. L.

Carbon is an excellent electrode material because of its reIaﬁnaéﬁzgﬂ%hfeﬂfégoggfg’ 13532-13540Copyright© 2017

inertness, workability, economical cost, wide potential window
excellentelectrochemicgiropertiesand rich surface chem-

istry. Carbon’sabundanceversusother popular electrode |ayer deposition and thicknessf electron beam deposited
materialslike platinum and gold make carbon arguably the  carbon on Au/TiC surfaces originally reported by Amemiya,
most popular electrochemisabstrate. _.McCreery, and colleagues. The voltammetric setup is displayed
Carbon’s availability has largely driven the conceptualizatignFigure 1BThe carbon films are protected by a thin layer of
of at-sourcedisposablepr single-usesensorswhich has  KCI to preventany surface contamination prido electro-
revolutionizedin situ analysisand POC diagnostics.™ analysisthus ensuring ultraclean electrochemicaburfaces
However with the recognition thateven carbon isa finite (Figure 1C showsatomic force microscopy (AFM) images
material there hasbeen a push to develop “green science”  of the surface before and after K@yersthe AFM surface
strategies dfansforming waste materials into useable carborscan profilesof the two surfacesare in Figure 1D). This

electrochemicalubstratesl his section first highlights recent method generatesn ultraflat (<1 nm roughness), pristine
fundamentalkstudiesthat have characterized thesffectsof carbon surfacE "> These carbon filmshave been used to
molecular defects and contaminants on carbon reactivity andletermine very fask® values compared to Au, Pt, carbon
outlines recent developmentsn ultrapure carbon surface  nanotubes(CNTSs), and highly oriented pyrolytic graphite
analysis. Next, recent developments in electrode fashioning @00PG) as wellas show evidence s&lf-inhibitory electron
modification are discussedFinally, “green” methods of transfercaused by adsorbed redoxspecieselectrostatically
deriving carbon electrodes are presented. blocking activity* '

28 DOI: 10.1021/acs.analchem.8b05151
Anal. Chem.2019,91,27-43
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The major contaminant®f carbon surfaceare adsorbed = ), ntreated
hydrocarbons, although trace organic impurities from ultrapu
watercan also decrease electrochemistivity!*”'® When |
designing a carbon sensor destined for real-world arnladysis,
potential for unintentionallycompromisingsurfaceactivity :
must be considerenowing that a pristine carbon surface is
nearly unachievable in a real-world setting, because ambien
affects electroactivityighly effective polishing strategies have
been explored.High-vacuum annealingnd ultraviolet-Q
treatment have been explored as methods to remedy ambie|
air-effected exfoliated HOPG, but adsorbed contaminants wi
only partially removelf:'°Exposing the graphene surface to
hydrogen plasmafor a short duration (1 s) drastically
improved the kinetics (~12 fold) of the Ru(NHj)"*"
redox couple, credited to H- reacting with and removing
adsorbed hydrocarbon#jus revealing apristine graphene
surfacé® Howeverlonger hydrogen plasma exposure resultec
in increased sp defectswhich decreased k° bupreserved =~ EESSSESEIEL
e_Iectron mobility_ showing_ pro_mise for fu’gure use in graphenq:igure 2.SEM images 5000 ofa 1:2,11 um TPE. (top-right)
field effect transistof While highly effectivéhese methods  yntreated surface; (top-left) after being sanded with 600 grit paper;
likely cannot be extended to real-world sensorg\t-source (bottom-left) after being polished with 0.05 um alumina microfiber
sensorsshould be designed knowing thasurface contami-  pad; (bottom-right) after plasmatreatmentof 35 W for 3 min.
nation is unavoidable and must either be sensitive enough tdkeproduced from Klunder, K. J.; Nilsson, Z.; Sambur, J. B.; Henry, C.
perform in the presence of surface contamination or be cleaedpurnadf the American Chemimtiety 201739,12623-12631.
with appropriateavailable polishing techniques. Copyright © 2017 American ChemiBakiety.

A strategy to improve sensitivity or selectivity in the absence
of ultrafine polishing is to modify the carbon surface, which weCarbon is traditionally thought of as a hydrophobic material.
discuss below. However recently there hasbeen evidence supporting the

Creating and Modifying the Carbon Surface. The ease hydrophilicity of graphene’surfacewhen analyzed atthe
with which carbon can be chemically and physically modifiecatdmic level '25’2%:reshly exfoliated HOPG was stored at low
another key advantagetbfs materialThe following section temperature to investigate hydrocarbon adsorptidrere it
highlights recent reports that provide information on the was determined that a nanometer thick layer of water-ice was
carbon surface and details modifications of carbon for analygigesenthat preserved electrochemiggkgrity by inhibiting

There are some recent reports of improving carbon  hydrocarbon adsorptidfi. This resultwas further strength-
fabrication processé@saditionally chemicalapor deposition  ened when Akaisleit al.used molecular dynamic simulations
(CVD) on Cu foil with a support polymer,commonly  to explore how a graphenesurface with no adsorbed
poly(methylmethacrylate) (PMMA) hasbeen the primary  hydrocarbonsvould interact with water molecule$® They
method for creating graphene sh&éts.Chen et alrecently  showed that a bilayer of water moleculeswas formed
developed CVD-based fabrication afraphenesubstituting  exclusively via hydrogen bonding on the surfatkis, now
polystyrenefor PMMA as the polymer support® This hydrophobicsurface has little effect on grapheneelectro-

modification yielded a 2-3 times rate increase for activity® and is one mechanism bywhich contaminating
ferrocenemethanol redox coupling analyzed by SECM nanogg@rocarbons adsorb. This finding has the potential to broaden
voltammetrycompared to PMMA-transferred graphenka the applicability of graphene with a surface tailored to be either

other work,Akinoglu et alpublished a 2018 report detailing hydrophilic or hydrophobf€ 2

plasma-enhanced CVD 6NTs on glassy carbon electrodes  Diamond is a unique carbon allotrope that can act as a semi-
(GCEs). These textured electrodeshave an interesting or fully conductingmaterialdependingon the type and
characteristic such that scan rate is increastity peak-to-  amount of dopant presénfA relatively new and exciting field

peak separation trends toward idbai-layer diffusioft’ has been the application dfamond films to electrochemical
Carbon compositesire interesting materialg that they analysis? Diamond has a wide potentiakindow,and both

adhere the characteristics ofher materials to carbonThe cathodic and anodic scanning have been explored for

Henry lab hasdeveloped new carbon composite electrodes analysis®™>®

coined “thermoplastic electrodes” or TPH#ese electrodes Functionagroups on diamond surfaces represent sites that

are low-cost and consist of a thermoplastic binder that resultsan be chemically targeted to modify the electt©tanging

in a malleable conductive materibkn heat pressed that can the termination group$j- or O-terminatedpn the diamond

be embossedmnolded,templatedor cut via CO, laserfor surface can greatly improve electroanalytical perform-
precise fabricatioMot only is this materiakasy to fashion,  ance’®*°"*'In 2015, scanning electrochemiazll micros-
TPEs exhibit an improved ferricyanide peak current and peakopy wasused to both functionalize boron-doped diamond
separation compared to Rflassy carbomand screen-printed  (BDD) film and evaluate the effectsof surface termination
electrodes(SPE). Scanningelectron microscopy (SEM) alterationson electron transfef? Diamond can also be
images following plasma polishisgpwn in Figure 2reveal fashioned into a composite materidf** For examplethe
areasof graphene-like exfoliated graphitehich supported Henry lab recently reported a BDD paste electrode with lower

TPEs electrochemicaperformanceunder optimized con- background currents and improved electrocheatiaghcter-
ditions rivaling that of graphen&'s. istics compared to traditionzdrbon paste electrodes (CPEs)
29 DOI: 10.1021/acs.analchem.8b05151
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and demonstrated applicability for the detection of bioaminesvearable sensoideally oughtto be self-poweredbut they

and heavy metals via a micropaper-based dévi@ngoing
challengesinclude inconsistentk® values associatedwvith
heterogeneous dispersiorBoitoms in BDD filmsa feature
that creates regions of high and low electrode activity.

should also be flexible and durable for practicaluse and

wearability Finally, analysismethodsshould be capable of

measuring at or below situation-relevant detection lifits.
instance sensordor industrialworkersthat detectharmful

Covalent maodifications, while not common, have been madaemicals should have limits d&tection (LOD) below the

to carbon fiber microelectrodes (CFMQPES,' GCEs?%°>®
CNTs>*°° and SPES®®’ for increasedsensitivity and
selectivity for heavy metitection.

Sustainable Carbon. Sustainableor green chemistry
focuseson limiting the use of harsh reagentén chemical
synthesigjtilizing environmentally friendly reagerasd the
efficientuse of finite materials An interesting exampleof
sustainabilityis a recent drive to convert biowasteinto
activated carbonHowever,functionalizingbiomassis not
trivial and requiresthe activated carbon to have optimized
morphology and structut@.

The Zhou lab have been exploring sewdiffalent biomass
starting materials for creating carbon senBoraelo peefs,
kelp®® cherry husk$! and apple¥ have been converted into
carbon nanoballsjesoporous carbargrbon nanoplatesnd
carbon nanorodsgespectivelWVhen deposited onto GCEs,

each respective materidisplayed improved electrocatalytic

activity, higher sensitivity,and a wider linear range than
unmodified GCEsor CNTs-GCEsfor hydrogen peroxide

exposurdimits set by the occupationakafetyand health
administration (OSHA).

Within this sectionye will focus on sensors for on-location
measurements in adwil, water,and food and drinkBecause
on-site sensors are stitatherlimited, we also highlighthe
developmenbf sensors thahave promise foincorporation
into portable sensing devices. Within these categories, a variety
of analytespresentsignificantimportancefor monitoring
pollution, climate change,contamination,and industrial
processedhis section will focus on metalssticidesjitrate,
pharmaceuticals,ammonia, volatile organic compounds
(VOCs), and severabther chemicals ofnterestto ambient
monitoring.

Air. Monitoring air quality is unquestionably criticahir
quality reports inform people with respiratory issues if it is safe
to go outsideand canary sensors in industry inform workers if
there are acute hazardsElectrochemicaineasurementm
gaseous media are more challenging than in sqdcitiemjly
due to uncontrolled parameterssuch as humidity and

detectionPeanut shells and dandelions have also been usedténperature.
create activated carbon materials for glas?/%carbon compositeNitrogen dioxide (NO,) is harmful to human and

electrodes with increased electrocatalytic fraftsSKampioti

environmentahealth.As suchthere have been recent efforts

et al.recently reported the fabrication of nanographitic rubbeto develop a sensor to monitor release gfdépecially in the

composite electrodes formed from natural rubber and
nanographitic carbon sourced from food waste’® The
compositeelectrodeshowed higherconductivityat much
lower carbon loading (~10%) than previously reported

context of human exposure in industrial settings. Carbon is not
a new substrate foNO, sensinghoweverrecentdevelop-
ments are enabling sensitive and inventive detection platforms.
Kumar et al. demonstratedfor the first time, transferof

composite sensGr8While these represent just a few examplegraphene directly onto paper without any intermediate layers
of biomass materials used for electrochemical sensors, it is @9s¢VD.The use of glossy papeather than typicarinting

to envision the endlesspossibilitiesof potential biomass
starting materials,given they are carbon-basedAs more
biomaterials are screenatiarting materials wikmerge that
exhibit unique capabilitiesdue to their specificchemical

paper,results in a smooth and consistelalyer of graphene.
The papersensoris then connected using conductive silver
paint to a light-emitting diode (LED), which is illuminated
when the sensing currentesulting from NO, presencds

structures. One example is an S-doped reduced graphene oyisiected. Overalhe sensor is both flexible and has a very low

(rGO) sensor that capitalizen lenthionine (organosulfur

detection limit of 300 ppt (parts per trillion). Furthermore, the

compound present in shiitake mushrooms) to provide highly recovery time of the graphene paper is improved to just 30 s by
sensitive detection of an oxidative stress biomarker 8-hydroxkposure to deep UV light between Neasurements.

2'-deoxyguanosifié.

.MONITORING AMBIENT CHEMICALS

For workplace applicationg/earable sensoese practical
and useful. Power sourcesare a limitation for wearable/
portable devices.One researchgroup has focused on

There are countless scenarios during which it is useful to hagembining stretchable patterned grapheneand a micro-

on-location chemical sensing of the ambient envirorffoent.

exampleextrinsicdetrimentathemicals can be released into

the environmentvia aging infrastructurandustrial effluent,
stormsand agriculturalunoff®’~%° Naturally present hazard-
ous chemicalscan also be unintentionallymobilized into
naturalwaters? In these scenariosit is critical to obtain
chemicainformation rapidlyat the site of interestto most
effectively apply mitigation strategies.Certain industrial
workplace environments contain intrinsic hazardshaving
the capacity to monitor chemidhiesholds is a criticabfety
measure.

Monitoring on-site necessitates a specific set of cliteria.

supercapacitoto develop a body-attachablesensor.The
number of graphene lines included in the pattern determined
the electricatesistance and are therefore optimized for good
sensitivity to NQ. Once optimizedthe graphene sensor was
integrated onto a specially designed Ecoflex substrate along
with 12 parallel-connected micro-supercapaditoays.The
authors continue to work to improve the temperature range in
which the sensor is capable détecting NQ as wellas the
lifetime of the devicé.Lee et alhave taken wearable sensors
one step furtherand incorporated rGO-based yarn directly
onto fabric, as seen in Figure 3. Graphene oxide (GO) is
incorporated into the yarn using an electrostatic self-assembly

idealsensor should be selective for the analyte of interest andrapping method mediated by bovine serum albumin and a

display a fastresponseA portable sensorshould be small
enough for easy transpacgst efficientand have an internal
power source for remote location sensing. Specifically,

30

low-temperature reductiofrigure 3a isa schematic ofthe
rGO yarn sensoshowing interactions with ®, C, and H.
The yarn is selective forlNO, to a limit of 1.25 ppm and

DOI: 10.1021/acs.analchem.8b05151
Anal.Chem.2019,91,27-43



Analytical Chemistry

a polyaniline (PANI) and CNT composites have attracted a lot
/ of attention for use as Misensitive electrode materi@lsen

\ o e and colleagues,in particular, have focused on various
. ,}ﬁ

combinations o€onductive polymers and CNTEhe group
developed an electrode materi@dmposed ofa transparent
CNT film coated with hierarchically nanostructured polyani-
line nanorodsThe resulting electrode is flexilkde)ective for
NH,, and has a detection limibf 1-100 ppm’® The same
group developed a water-enabled healable; Nilin sensor.
The Meyer-rod coating method was employedto coat
oxygenated multiwalled CNT§MWCNTSs) onto polyelec-
trolyte multilayer film (PEM)The healable nature is a result
of the lateraimovement of the layer-by-layer assembled PEM
films, which restore separated areastef CNT layers.This

film provides an improved lifetime via its healable nature while
maintainingthe selectivityand sensitivityof the original

b c

sensof/

Xue et al. have also worked with PANI/CNTs to detect NH

R
Figure 3.(a) Schematic illustration of rGO yarn gas sensor preparegas, opting for a different approach by adding ammonium
from microfiber bundles wrapped with rGDhe interactions with  persyifate before film polymerizatihese sensors have fast
oxygen,nitrogen, carbon, and hydrogen atomsare shown. (b) response and recovery timésxibility,selectivityand a low
Photograph of rGO cotton yarn and rGO polyester yarn wound on 8etection limit for NH from 200 ppb to 50 ppmVhile each

plastic bobbin. (c) rGO cotton yarn woven into fabric. (d) : . . .
Configuration of the wearable gas sensor and LED Reteinted of these materials offers unique benefits, researchinto

by permission from Macmillan Publishers L$¢ientif ic Repodts. deyel%pingCNT-based sensorgor NH; detection is on-
Yun,Y.; HongW. G.; ChoiN.-J.; Hoon KimB.; JunY.; LeeH.-K. going.

Scientif iReport2015,5, 10904.This work is licensed undema Portable air sensors for security and defense applications are
Creative Commons Attribution 4.0 International License, copyrightslso progressing with the developmerdf a wearable ring
2015 http://creativecommons.org/licenses/by/4.0/. sensorto detect nerve agentsand explosivesTwo carbon-

based working electrodes work in paralising square wave
demonstratesflexibility and stability even after several  stripping voltammetry (SV) and chronoamperometry for the
detergent wash cycldsgure 3b shows photographsr&O detection of nitroaromatic and peroxide explosiveespec-
cotton yarn and rGO polyester yarn wound on a plastic tively. For detection of compoundsin the atmosphere,an
bobbin.In Figure 3cthe rGO cotton yarn woven into fabric, agarose layeis applied to facilitate diffusion to the carbon
to be sewn into the pockebf a lab coat,which houses the  surface. Efforts to improve the stability of the agarose layer and
electrical components. When the yarn is exposed to 5.0 ppnitufs the lifespan for gas detection are ongoiNgnetheless,
NO,, the OSHA exposure limit, it triggers an LED light, showthese sensorsare extremely promising for wearablegas

in Figure 3dto alert the wearer of the hazahthile efforts to  detection due to their smaiize and selectivity.

improve both the response and recovery time are ongaing, ~ Water. The rise of industrighgriculturaland pharmaceut-
yarn-based wearable is very promising for use in an industryical advancementsalong with the pervasivenature of

setting”® contaminantshas threatenednatural waters, resulting in
VOCs are also dangerous to the environmantl human widespread effectcrossrophic levelsThis section details
health. They are often used and produced by industrial ~ the most recent and promising developmentsn electro-

processes and are required to be monitored in the workplacehemicalensing ofaqueous environmenisgluding,rivers,
by OSHA standardsCarbon composites have recently been oceansfreshwaterand tap water. By far, there are more
used for the detection of VOCs. Specificallya composite  studies of this nature than the other sections in this rémiew,
sensor was developed combining the selectivigatikarene  our opinionbecause water sources are easily accessed and are
and the conductivity of CNTs by a noncovalent functionalizamore conducivefor electrochemicaineasurementgionic
tion of single-walled CNTs (SWCNTSs) with calixaree strength).Four classes o€ontaminants commonly found in
resulting sensorarray is capableof measuringtoluene, naturalwatersources and tap waters are highlightdeavy
ethylbenzenand xylenes atletection limits between 4 and  metals,industrial pollutants, anthropogenicendocrinedis-
7.5 ppmywell below the OSHA exposure limifsAlternative ruptors or pharmaceuticadsd agriculturagents.
nanocomposites have been developed to measure benzene ardetals. Metalssuch as PI§;d,Hg, and Cupriginate from
acetone by employing atemplate-carbonization strategy to many sourcesincluding naturalsourcesand industrialand
generate well-ordered mesostructuresilida—carbon nano-  manufacturing effluents. Electrochemistryis capable of
composites. The carbon coating on the silica mesopore surfaledermining speciatiowhich is usefuue to metateadiness
serves to increase hydrophobicitytteé materialand reduce  to change between ligand-bound and “free’or hexa-aqua
the surface effectsf humidity. This nanocomposite isery complexed stateghis change ofstate can occuwia minor
promising for monitoring air quality in the fielebause it has  variations in environmentadrameters such as pH; thitss
a fast response time (2-3 s@¢covery time (16—19 s@nd is highly desirable to preserve the integrity dhe sample by
stable over 42 & making measurements at-source.

Another common reagent for industrial processesis Metal measurements are often performed on carbon using
ammonia (NH), which OSHA has set the exposure lirait ~ SV®%®'With the advent of screen-printing technoleagynon
100 ppm for individualsthroughouta work day. Recently, electrodesare frequently fashioned into small, disposable

31 DOI: 10.1021/acs.analchem.8b05151
Anal. Chem.2019,91,27-43
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probe$? Though carbon exhibitsexcellentelectrochemical ~ With this method, they are able to achieve multielemental
propertiesselectivity is an ongoing challenge for trace metal analysis, simultaneously measuring Zn(ll), Cd(ll), Cu(ll), and
analysis becausefree metal ions are similarly sized and Hg(ll), and apply this method to analyzing spririger,and
chargedThere are few reports within the last three years thatindustrialwaste waters.* Likewise\Wang etal. reported an
utilize nonfunctionalized carbon materials for aqueous metalaptamer-functionalizedgraphite/graphene carbon-nitride
monitoring®>~®° Thus,surface modificationsutlined below, nanocomposite foCngI) sensing applied to tap,Jake,and
are employed to improve sensitivity and selectivity toward industrialwastewatér
target metahnalytes and to prevent interferences from small Some metalanalytesare more difficult to measure than
moleculesproteins and naturabrganic matteft® others For examplei and Co do not easily preconcentrate,
Conductive Polymers. Nafion (NA) is a cation exchange requiring adsorptivestripping voltammetry (AdSV)with a
polymer,used frequently in sensing applicatioaser many complexing agenfThe most common complexing ageris
decadedn general NA is applied in conjunction with binding DMG, often immobilized in N&A*°In recent years alternative
agentssuch as dimethylglyoxime (DM@ihd ionophores for  chelating agents have been proposkdsain et alexplored
heightened selectivity.°° Some other conductive polymers variousderivativesof benzenesulfonohydrazided NA to
have been introducedassan et alsed poly(1,2-diaminoan- develop a Co(ll) sensor with excellestlectivity over other
thraquinone) for multielementalanalysis(Cd(Il), Hg(ll), metalions?® Additionally,Sheikh etal. were able to detect
Pb(ll), and Cu(ll)) in tap water.®" Additionally,Pan et al. trace amounts of Ni(ll) using a novel chelating agantely,
modified GCEs with polypyrrole/sepiolitenanofibersfor bidentate N,N’-(ethane-1,2-diyl)bis(3,4-dimethoxybenzenesul-
Cd(ll) and Pb(ll) in tap and lake watetsFor more detailed ~ fonamide)."”
information on other conductive polymers that show promise Other novel measurement platforms incorporating complex-
for metal ion sensing, we direct the reader to Deshmukh et ahg agentsor ionophoresoffer enhancedselectivity for
2018 reviewtitled Composité8ased on Conductinrg2 Polymers detecting Pb(ll), Cu(ll), and Hg(ll). These agentsare
and Carbon Nanomaterials for Heavy Mets8ensing. oftentimes immobilized into a polymer composite and drop-
There is growing interest in another claspolymers that  casted onto the electrode.One complexingagent, ethyl-
are ion imprinted (lIPs) for a target analyfhe function of enediaminetetraacetizid (EDTA), wasimmobilized onto
[IPs is governed by size and charge exclaioacting small  carbon nitride nanosheets to monitor Pb(ll) in surfadep,
metal cations, and differing pore size for each analyte. IPs haireeral,and waste watet$® Additionally Liao et al.utilized
been designed for Pb(lI)}1g(ll), and Ag(l), and applied in NA composites with bis(indolyl)methane/mesoporous carbon
tap, river, and ground waters’ °® Notably, Sebastian eél. nanofiber and salicylaldehyde azine/MWCNTs for Hg(ll) and
introduced MWCNT/IIPs as both a sorbent and a sensor for Pb(ll), respectivelyin river waters.'®""”Carboimidazole is
Pb(ll) and Co(ll), as applied to monitoring lake water, mininganotherinteresting ionophore because infidazole’dN-rich
effluent, and fertilizer’® '°° Additionally, IIP nanoparticles  structure, which increasesaffinity toward metal ions in
have been employedto detect Ag(l), Hg(ll), and Pb- wastewater samplé§.

(I1). 1°1"1%3while attractivethere is stillwork to be done to Another functionalization approach is to covalently graft an
improve the analyticatesponse ofIP-based sensoiia the ionophore to the electrode surfatang et aBnd Fomo et al.
context of temporaksolution (oftentimes more than 15 min  used click chemistry to covalently attach ionophotedhe

of preconcentration is required before analysis). electrode surface® " Yang et al.’s breakthroughstudy

Chemical Agents. Carbonaceousmaterials can be employs ionophore-grafted CFMs coupled with fast-scan cyclic
combined with other chemicagents that have high affinities voltammetry (FSCV) for ultraselective Cu(ll) detection in the
for metalions, including tap,river, and lake water,among presence of other divalent metals at 10-fold higher
others. Nitrogen, sulfur, and oxygen functionalgroupsare concentrationThe top panel in Figure 4 illustrates ionophore
frequently used to create composite matéffalS’Examples  attachmento the CFM surfaceln the bottom panel,color
of this include N-doped quantum d8f$y,S-codoped porous plots and cyclic voltammogramsndicate that the rapid
nanofiber§’” and carbon nitride nanosh&et8®'°that have  adsorption-governed responsdasft voltammetry on CFMs
been designed fomultielementabnalysisn water sources. is not deterred by the attachment of an ionophore.
Gao et al. improved sensitivity by using metal organic Furthermorethe LOD (0.3 ppb) is improved in comparison
frameworktemplatesto create hollow, porous nanofibers,  to an unfunctionalized CFM (15.8 ppt).2°
increasing the surface aredha# N-doped carbon composite Industrial Pollutants.In industrialprocesseslurability of
for Pb(ll) and Cd(Il).""° Later in 2018 Gao et al.created a materials is desirablapweverthis comes athe expense of
combination composite of N,S-codoped porous nanofibers fadhese materialahen disposed afpt readily degradinilost
Cd(ll) detection!®’ AdditionallyManna et alshowed that S-  efforts for developing industrialvaste sensorare directed
doped porous GO exhibits excellent selectivity toward Hg(ll)toward detectingphenolic compoundsOf these,phenolic

detection over other metiiterference’’ isomershydroquinone (HQ) and catecho{CC) are highly
Amino acids have been employed because ttfieir high stable and toxicYi et al. reported a composite polystyrene/
affinitiesfor metalions. Ramirez etal. and Gutierrez etal. poly acrylic acid/GO film thatis pH-responsive and able to

applied cysteine-functionalize@WCNTs for Pb(ll) and evaluate HQ with excellent selectivity over other interferences
Cd(ll) detection, respectivelyin tap, rain, and groundwater  (ascorbic acidyric acid,and CC)'?' B-Doped graphene has
samples® ' "?Additionally, Dalmasso et al. coated GCEs with also been employed forsimultaneousanalysisof CC and
polyhistidine/MWCNT composite for Cu(ll) detection in rain HQ,'??> CNTs for CC, p-cresoland p-nitrophenol?® and

and tap watersampleswithout any pretreatmerit'®> Taking chitin-stabilized graphitdor CC, HQ, & resorcinol'?* in

this a step furtheNasir et alreported a comprehensive study various water sources.

analyzing the electrochemical responses of several amino acidisphenoA (BPA) has gained significant attention because
selecting glycine ashe optimized functionalgroup to use. of its use in food packaging and plastics and was banned in
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I Il over estrogen and testosterbfi&imilarly antibody immobi-
lization is used to measurea common contraceptive
compoundegthinylestradiolpn a paper-based device in river
water samplés! Estrogenic phenolic compounds have similar
structures; thus, Bragga et al. reported a combined
quantification of a total of four compounds (estresteadiol,
s_s ethinyl estradiol,and estriol) with a molecularly imprinted
N(-Bu), polymer(MIP)-modified rGO electrodeThis sensorshows
excellentselectivity oveHQ and CC and was applied for
Cuzfgeo"” nA determination of estrogenic compounds in river water.
Acetaminophen is also found in source wat&tsm et al.
0 used MWCNTs modified with B-CD for simultaneous
=133 determination of estrogen and acetaminophétt’ Another
interesting study coupled a CNT-based detector with chemo-
metrics to achieve multicomponeamalysis ofour phenolic
analytesincluding HQ,CC, 4-np,and acetaminophen in tap
and waste watets?

The anticancerdrug flutamide has garneredattention,
becausewater treatmentfacilities fail to remove it from
potable water sources. Kubendhiran et al. used a carbon black/
B-CD nanocomposite to measure flutamide and 4wipich

Figure 4.A representative color plot and cyclic voltammogram of - exhibits excellentmechanicabtability for four weeks,and
uM Cu(ll) collected in a mixed metal solution using CFMs (1) beforgpp”ed this sensor to tap water Sarﬁﬁémtibiotics are also
and (Il) after covalentfunctionalization with a Cu(ll) specific finding their way into natural waters.Tetracyclineis one

ionophoreMixed metals [10 uM]:Zn(ll), Cd(ll), Ni(ll), Co(ll), e . : . :
ca(ll), Mg(ll), Pb(ll), Mn(ll). All counterionswere NO%. commonly administered antibiotletermined using a unique

N(i-Bu),

0.0V

08V

-1.2V

V vs. Ag/AgCI

200 nA

V vs. Ag/AgC

Reproduced from Yany, : Ibrahim,A. A.: HashemiP.; Stockdill potat%%tarch and carbon black nanoball sensor in river and tap
J.L. AnalyticaChemistry 20188, 6962-6966Copyrighto 2016~ Water.™ Magnetic MIP nanoparticles are employed to
American ChemicSbociety. measure another antibiotitiethylstilbestroln lake watef

Agricultural Pollutants. Two classesof agricultural
pollutants are found in natural waters: pesticides and fertilizers.
2012 after being identified as an endocrine disrugtati et Most pesticidesfunction via their actionson the central
al. developed an electrochemicainsorfor BPA using GO~ nervoussystem and asa consequencean be harmful to
nanosheetsand incorporatingan ionic liquid (n-hexyl-3-  humansand animals. Organophosphatgesticides whose

methylimidazolium hexafluorophosphatelhe high ionic adversehealth effectsare well-establishedyre still widely
conductivity ofthis ionic liquid facilitated electron transfer, used.Yola et al. applied a unique approacthy combining
enhancing sensitivity and long-lasting stabifity. MIPs with carbon nitride nanotubes and graphene quantum

A common maodifier for analyzing phenolic compounds is pdots for measuring chlorpyrifos in waste waters. This method is
cyclodextrin (B-CD) because ofthe selective binding sites  extremely sensitiwgith a 0.7 ppt LODand is stable over 45
within hydrophobic molecular cavitiéghu et al. utilized B-  d."*® Another organophosphalé@zinonwas quantified using
CD/graphene nanoribbon hybrids to measure o-chloropheno# similar approach employing MIP/CPEs to provide a 700-fold
in river water, reporting a 0.5 ppb L®TSimilarly, Gao et al.  increase in selectivity ovénterferenceS.” This method by
used carboxyl-MWCNT/cyclodextrin edge-functionalized graKhadem et al. was also used for dichloran,a chlorinated
phene composites for detecting 4-aminophehahlorophe-  nitroaniline fungicid&'® Urbanovéet al.were able to achieve
nol,and 4-nitrophenol (4-np) in tap watéfAdditionallyYu multianalyte detectiormeasuring insecticidéisiamethoxam
et al. reported a new nanocomposite materiadified with and imidacloprid simultaneously on a GO-based sen¥dr.
hexadecyltrimethylammonium bromidearbon dots, and Herbicidesnaptalam®? 2-methyl-4-chlorophenoxyacetic acid
chitosan for an environmentallyfriendly electrochemical ~ (MCPA), and its metabolite 4-chloro-2-methylphetidiave
sensing oR,4-dichlorophenolhe selectivity ofthis sensor,  also been studied using carbon-based electrochemnaibeb.

however,requiresimprovementsn the presenceof other In the case oMCPA, a PANI/B-CD/MWCNT was used to

phenolic compounds® probe the compound photodegradation over time inrixesl
Anthropogenic/PharmaceuticaPollutants. Pharmaceuti- ~ water sampléé?

cal agentssuch as endocrine disruptors and antibiotiasg As the climate changeshere has been a recergurge in

often released in the environmefitom human excretion in ~ disastrous natur@ghenomenasuch as tropicatyclones that

wastewater. mobilize nutrients and facilitate harmflgalblooms.These
Contraceptives and naturally secreted hormones are amotgpoms are particularly pervasive in shallow waters in the Gulf

the most commonlyfound endocrinedisruptorsin water of Mexico,near the Florida coastlinghis phenomenon has

sourcesExposure to endocrine disruptors via drinking water gained significant attention in the news for negative effects on
ingestion has been linked to breast and prostate cBocgrs. marine ecosystems and aniraatl human healthThere has

et al. reported biocharas a unique electrode materiakith been significant interest in detecting nitrite in the context of
highly efficient adsorption to study a harmful steroid hormonéhese bloomsyecause it is an important limiting nutrient for
17B-estradioln groundwatel?° Rather et ablso determined  plant growth. Polymer-coated GE* N-doped rGO'*° and
17B-estradiol in wastewaterwith a graphene-amplified  acid-functionalizzdMWCNTs'“® have been reported for
aptasensoshowing excellerdgensitivity and good selectivity nitrite sensingas wellas two other unique probe materials.
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Zhang et akeported measuring nitrite with bacterial cellulose, Voltammetric simultaneous
offering excellenbiocompatibility and mechanicaitrength, A ‘ R RE——

coupled with GOto electrochemically activate the composite
material*” Additionally, Yallappaet al. used mesoporous .
carbon nanospheresecycled from biorenewablarecanut

BV N 4
seeds to make measurements in lake and sedtAtather ’ s /\ o

g

Current / nA
H

& 04 02 08 02 04 06

notable study reported a total analysissystem capableof Potential / V
measuring multiple analytes;luding nitratenitrite, salinity, (
and chloride, in seawater*® Built-in sample pretreatment,
acidificationdesalinationand in situ calibrationsallow this
device to make in situ measurements.

Soil and Plants. Certain pollutants, including heavy metals,
can persistfor yearsin soil. This is becauseof the high . ) . . )
concentration and diverse binding abilities of dissolved orgafiigure 5. Graphical abstract in which the top left image represents the
matter that stabilize these chemicals. Environmentally Eg?g::?;??;gg;e\fgz’;liezzgzérg(‘:‘ég)ﬁ d;‘:t‘\’,v Sgé'%‘é'tzgxémz
dlsr_uptlng eventS TQ’UCh as Cllmgte Change,sto'rms, and surface modificationsn the electrode surfaceOn the right is a
agriculturalcultivation can mobilize these chemicalsOne

. . P . graphicalliagram depicting metabn flux measurementsade at
important exampleis 2,4,6-trinitrotoluengTNT), a toxic, differentpoints along the stem o# plant.Reprinted from LvH.;

explosive agerA new method for detection of NT in soll Teng,Z.; Wang$S.; Fengk.; WangX.; WangC.; WangG. Sensors
and water has been developed using GCEmodified with and Actuators B: Chemi@18,256,98—106.Copyright © (2018),
carbon nanodots (CDs). A microwave-assistegyrolysis with permission from Elsevier.

method combining carbon nanodotsand ethylenediamine

wasused to synthesize nitrogen-rich carbon nanoddtse different points along the root of a rice plant to determine how
amine groups on the CDs allow for the detection of TB,  the plants uptake the three target meTais. development of
CDs and TNT form complexes through charge trafsésme  this technique provides great promise for future on-site ion flux
electrodes have both a fast response time of 30 s and a widefionitoring'>*
linear detection range than previous technitles. Food and Drink. ~ Contaminationwhetherit be from
Another toxic and persistentpollutant is As. As was  naturalsourcesor anthropogenids particularly concerning
previously used as a pesticidad it is currently used inthe  when it is found in food and drink produsisce they pose a
metal industry and in antiparasitic drugs for poBitrfar the  high risk of illness.Common contaminanticlude metals,
most common source of As contamination is the mobilizatiorpesticidesfecalmatter,and salmonellaAdditionally adulter-
of naturally presentAs via anthropogenicactivities(e.g.,  ation of drinks with date-rape drugs is becoming a growing
fracking).”" Quantification of one As-based poultrydrug,  concernEach of these applications can greatly benefit from a
roxarsonecan be easily performed usinga carbon paste  portable senscespecially one that can be used by the average
microelectrode (CPME), providing a more economical consumer.
alternativeto traditional measurementsTo prepare the Mn, while an essentialutrient,can be toxic in high doses
electrodeshmberlite XAD-4 resin was combined with carbon and is found in tea and yerba mate products. A carbon SPE was
paste,added to a plastic micropipette tipand the tip was employed with cathodic SV to improve the sensitivitjhesf
smoothedThe resin serves to preconcentrate the anahgde, portable sensoFor further improvements to sensitivity and
Amberlite XAD-4 has a high selectivity for roxar<awerall, reproducibility, 1,4-benzoquinone and 3.5% NaCl are added to
the electrodeboastslow detection limits, high sensitivity, the buffer that is used to soak the tea ledvéstection limit
selectivity, stability, and reproducibility for measuring of 30 ppb was achieved, concentration below the reported
roxarsone in chicken feed and lift&r. Mn values in tea sampl&se sensor is selective for Mn over
Tl, Pb, and Hg are alltoxic metalcontaminants thatan only five of nine potential interfering metdisnethelesshis
accumulate in soil A new modified electrode isexploiting technique successfully measured Mn in yerba mate and green
graphene’s electron-transfer abilities and an ionic liquid bindega samples with accuracy comparable to traditional
to improve the electrode’s sensitivifyurthermoreincorpo-  techniques>®
ration of a synthetic phosphorus ylide into the matrix of ionic Food-borne illnesseare commonly caused by Ecoli or
liquid/graphenepaste compositeallows for simultaneous  salmonella contaminatidmnere is a constant push for better
detection of Tl, Pb, and Hg, metals whose voltammetric detection methods for these substaBtesscil-printed carbon
peaks overlap when analyzed by otheethods.This novel electrodeswere recently used to detect E. coli on alfalfa
modification proves selective for the three target analytes whpmouts. Improvements to the electrode sensitivity are currently
comparedto 20 other potential interferencesand was ongoing. Nonethelessthis disposablesensorprovidesan

100 um e _d
=

P-CN_T60/MWCNT/CFE

successfully validated in reail sample$>® attractive low-cost approach for detecting femabmination
Simultaneous detection of heavy metals also has applicatiofisfood products'>® Likewise,an rGO/MWCNT nano-
in understanding phytoremediatiomhich wasthe goal of composite could prove very useful for measuremenbf

recent work by Lv et alThe group developed a carbon fiber salmonellan chicken samples.The nanocompositesare
disk microelectrode by assembling oxygenfurstionalized  reproducible and selective fosalmonella while also having
carbon nitride nanosheets onto MWCNTSs (Figure 5 bottom detection limits below other methdSiginificantiythis sensor
left panel). Differentialpulse anodic SV (Figure 5 top left allows for detection of salmonellaon chicken with no
panel) along with the carbon disk microelectrode allows for tpestreatment or extraction’.

simultaneous detection &fu, Pb, and Hg.As shown in the A disposable sensor has been developed for the detection of
right panel of Figure 5, the microelectrodemeasuresat date rape drugs in whiskewhich is a complex matrix-his
34 DOI: 10.1021/acs.analchem.8b05151
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particular sensor is intended for use by forensics tedhes.  to be used successfully foanalysisof human blood serum
low-cost disposable sensor is made using graphite pencil filligigcoseln another exampldjughes et alused an SPE with
in a preprinted electrochemioztll, which is then laminated  the electrocatalydtleldola’sBlue asthe base transducedo
and has a Ag ink reference electr@lerallthe paper-based create a disposable biosenSdrlere, glutamate dehydrogen-
device has a short lifetime but good reproducibility. The deviase and nicotinamide adenine dinucleotide (cofactor) were
was successfully used to detect metamigatecetamognd encompassed byiopolymerchitosan and MWCNTSs and
midazolam maleate in whisk&$. deposited layer-by-layer to allow for amperometric detection of
Detection of pesticide residue on fruit is especially importaglutamate in blood serum with a 3 uM detection limit and a 2
for organophosphatesyhich are consideredparticularly h lifetime with continuous use.
hazardous as described aboVke method of detection for Another notable blood sensor is for the disease biomarker,
these analyte$s commonly via enzyme biosensors the HIV-p24 antigen,which can be used forearly diagnosisf
development of a “lab-on-a-glove” sensor, carbon still has a halean immunodeficiency virus (HI\his antigen has been
to play.On the thumb finger of the glove a stretchable carboranalyzedvia chitosan/MIP/MWCNT-modified GCEs in
disk is printed to allow for collection by swiping acrosa human serum with excellent LOD (0.083 pg ¢
surface. The index finger contains the three-electrode Carbon sensorsave also been used fopharmacological
biosensorand following the collection dhe analyte onthe  analysisin blood samples. For example sulfanilamidean
thumb, the two fingers are joined togethdp complete the antibiotic, can be voltammetricallydetected with GCEs
electrochemical cedhd analysis is performed using a wirelesgolished with alumina,n human blood serum samplesas
miniaturizedportable potentiostat attached to the back of thewell as urine,using square-wave $%.This is of particular
hand. Though carbon is not used here as the detection importance because of increasing antibiotic resistzaidag
materialits superioradsorption propertiemake it an ideal it pertinent to quantify the amount of antibiotics, like
materialfor collecting pesticide residue from food surfades. sulfanilamidén human serum.
. Urine. Like blood, urine can serve as a window into the
BIOMEDICAL MEASUREMENTS body for analysisof biologically relevantnoleculesdisease
Physio|ogi0$ystems are complex and dynanﬁj;omedica] biomarkers, and pharmaceuticals.Testosterone can be
analyte detection must be both rapid and accurate to allow féletected using square-wa\a&dSV in urine with GCEs!*°
measurements either ex vivo or in \Ewovivo measurements  The detection limitfor testosterone (1.18 nM) and analysis
are often lesscomplex than in vivo when considering the time is greatly improved with the in situ addition of a cationic
challenges associated with accessibility and immune respongerfactant,cetyltrimethylammonium bromidefrom which
of the intact system. To accomplish biomedical measuremeriiicelles form and encompass testosterdhés sensor does
much of the currentwork employscarbon orcarbon-based  not require sample separation or electrode surface modifica-
sensorsThese sensor improvements are in healttceneot tion, and analysis can be completed in under'8°virother
all measurements are restricted to the clisietting. molecule ofinteresthistaminean important biogenic amine
POC sensing is accomplished “near or at the site of patien@ssociatedwith inflammation,can be detectedin urine
care”;the goalof POC sensors is to integrate the clinic with samplesHere,lignin is potentiostatically deposited on GCEs
the lab!®%"®'These sensors are advantagebesause they  resulting in high sensitivityhigh recoveryand a low LOD
often provide a self-containgditableand easy-to-use device (0.28 uM) of histaminé®’
for biologicalanalysisThe frontier in biomedicalmeasure- A further study of interestfor disease biomarkemalysis
mentsis wearable devicefor use anywhereat any time. involves targeting D-Try marker ofrenalfailure,in human
Wearables must accomplish both the specificity and accuradyrine sample€?"°’A GO nanoribbon SPE was developed to
of a benchtop sensor but also include portability and ease-ofdetect amino acids with enantiomeric resolution as biomarkers
use components. In this section, we highlight some of the me$tdiseaseThese disposable biosensarse the enzyme D-
advanceduses of carbon-baseddetection for analyzing amino acid oxidase to genera®©k] detected via differential

biomoleculesThese tools can be found via single use/ pulse voltammetryyhile remaining as a largely portable and
disposable or chronic use/implantable de\Bpeificallyye fast means for amino acid detection.
will be coveringcarbon’suse in biological measurements Of importance,not only to clinical studiesbut also to

emphasizing a progression toward POC and wearable sensdesensics and toxicologythe detection of pharmaceuticals in
Biological Sensors. Ex Vivo SensoEx vivo analysis is of urine.Modified GCEs can detect levodopairug that treats
a sampleoutside of the body. Although perhapsnot as Parkinson’sdisease,and piroxicam,a nonsteroidal anti-
informative as in vivo analysisx vivo analysis is extremely inﬂammatogy drug thathas been shown to delay levodopa
desirablesince it is noninvasiv&his type ofanalysis can be  side effects,” in human urine.”" In this study, GCEs were
used for detection of biological molecules, disease markers, madified with a ZnO-Pd/CNT composite forvoltammetric
drug concentrationgBelow,the mostrecentex vivo carbon LODs of detectionsat 0.08 pM levodopa and 0.04 uM
detection scheme®or biologically relevantnoleculeswith piroxicam.Another exampleis detection of midazolama
near-immediate promise for POC analgs&sdiscussed. commonly used anxiolytiasing MIP nanoparticles incorpo-
Blood. Blood is straightforward to obtain and is an excellemated in CPES!? This sensor is able to detect midazolam in
source of biological information that serves as a good predickerman urine samples with an LOD of 0.18 nM.
of overall healtfhere are many analytes that can be detected Saliva and BreathSome less-prominent bodily sources for
directly from blood using carbon-based senBorsexample,  analysis include saliva and breath. Both are noninvasive options
Dhara etal. developed a nonenzymatic glucose sensor usingor biologicabhnalysid.ee et alhave employed an MWCNT-
GO and Pd-Cu oxide nanoparticles in a nanocomposite andSPE fora two-partvoltammetric detection diomocysteine
drop-castthis compositeonto a carbon electrodé®? This and glutathione,analyteslinked to health conditions like
sensor has a high sensitivity and an LOD of 3@lidwing it diabetesand cardiovasculadiseasdn synthetic salivaand
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diluted blood sample¥? Using a carbon SPE3arcia etal.
employed amperometr{o measure a-amylasen saliva, a
potential biomarker of neurologicaldisorders with high
selectivity accuracyand low LOD (1.1 U mL ~").""* This hasbeen the targetof carbon-based sensotsing a CNT

detection is completed using a sequence afeactions:(1) composite arrayPateland colleaguesuccessfully measured

hydrolysis of a-amylase to maltose and (2) the reduced sugaierotonin from the entirety of the colon in mi¢&he group
converts [Fe(CN)]®” into [Fe(CN)g*" (see Figure 6). has also utilized a BDD microelectrodefor simultaneous

responsedAlthough currently applied to slicethis method
shows great promise moving forward for direct in vivo analysis.
Gut. The gut is responsible for processing bodily waste and

amperometric detection oferotonin and melatonin in the
colon of a mouse modef inflammatory boweliseasé’® In
zebrafish embryodf)umitrescu etal. used a CFM electro-
depositedwith an NO-specific catalytic material, Ni(ll)
phthalocyanine-tetrasulfonic acid tetrasodiuntealteasure
nitric oxide, an important signaling molecule in the
intestine'”® While these sensorsare currently limited to
animal modelgpontinued advancements will ultimately lead to
clinicalPOC applications.

Brain. The brain remains a particulachallenge to access
due to the delicate nature ttfie organput CFMs and other

(" 3 \3 mEltoss carbon-baseclectrodeshave been successfulljused for
N T measurement®f neurotransmittersand neuromodulators.
o - amylase For this reasonthe most recentadvancements neuro-

7% \l l’

pH=12 l
f -
Reduction %/

Electrochemical
detection

[Fe(CN)G%//
[Fe(CN)J* / Q /

chemicameasurements are first achieved in organism models.
In drosophil€;FMs are used to measure serotdpipamine,
tyramine,and octopamine(of which the latter two serve
functions similar to those adpinephrine and norepinephrine

in humans) using capillary electrophoresiscoupled to
FSCV'® Rees et alalso measured dopamiserotoninand
octopamine in drosophila using carbon nanopipette electrodes,
which are smaller than CFMs and thus benefi@ain vivo
analysig®’

Figure 6. lllustration ofthe stepsinvolved in the electrochemical In rodents, carbon sensing habeen used extensively to
measurements sAA. Reprinted from Garci®. T.; Guimards,L. study neural activity. Lu et al. describeda new porous
N.; Dias, A. A.; Ulhoa, C. J.; Coltro, W. K. T. Sensors and ActuatoigrBphene electrode array for simultaneoussensingand
Chemic&#018,258,342-348 Copyright © (2018)with permission  stimulation ofbrain tissue from the surface withoptercing
from Elsevier. the tissu€®? This minimally invasivesensorshowed high
spatiotemporatesolution in analysisof brain activity and
precision in electricaktimulation with no degradation over
Breath is an appealing optionas Gholizadeh etal. have time in rats. Vitale et al. showed thatCNT fiber micro-
developed an rGO fabricated within a polydimethylsiloxane electrodeswere successfuin stimulating and recording
cell on an SPE for nitrate. This portable sensomonitors neuronalactivity in vivo in freely behaving ratsfor up to
exhaled breath condensatayhich nitrate serves as a marker four weeks?
of respiratory tract inflammation and asthifa. The most popular use of carbon-based sensors in the brain is
In Vivo SensorsWhile ex vivo analysis is conveniemtd to study dopaminédDopamine sensing via FSCV is unique in
noninvasive there are undeniableadvantageof making that it can be performed in awake-behaving animhdks fast
measurements in viRiological systems are rapidly changing,voltammetric detection of other analytes is currently limited to
and taking samples for analysis provides only a snapshot of #nesthetized animaf¥. The role of dopamine in health and
whole systen€arbon has shown promise in this field and hasdisease has been studied in a varietyeaperimentahnimal
been used successfully for targeting key organs including thenodels using CFM&:i et al.monitored the effects of L-dopa
lymph nodes, gut, brain, and skin (described below in wearatsatment on dopamine neurotransmis&r®FMs were also
sensors)for a wide array of analytes Examplesoutlining used to simultaneously detect oxygen and dopamine changes
advances with carbon-based sensors for in vivo sensing willdwring spreading depolarizatiamgsociated with brain tissue
highlighted herein. damage in Sprague-Dawley FtE€FMs can be modified to
Lymph NodesThe lymph nodes are an important organ in further improve sensitivity and selectivity and reduce fouling;
the immune system with a wide range of biologicalroles one notable modificationis electropolymerizindNA and
including regulation of the hormone melatdviglatonin has poly(3,4—ethylenedioxythiopher(@)EDOT{%ponmersonto
long been known for its role in circadian rhythm regulation, the electrode surface for dopamine in vivo.Carbon-based
but it also participates in anti-inflammatory proceddsisg sensors have also shown promise for long-term implantation.
CFMs,Hensley etal. developed a novaletection waveform  In nonhuman primate§FMs were chronically implanted for
(600 V s™! scan from 0.2 Vto 1.3 V to 0.2 V) to measure  dopamine measurements over more than 169 d.
melatonin in tissue slices of mouse lymph nodes using In vivo detection of neurotransmitters other than dopamine
FSCV!’® This method can also codetect serotonin making it can be challenging primarily because of structural resemblances
a novel and important step toward understandingthe and low concentrations of similar anal#esotonin has been
modulatory effects of these key moleculeson immune analyzed using a serotonin specific waveform (1000 V's
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scanning from 0.2V to 1V to-0.1Vto0.2V)onCFMs for deep brain stimulation, a potential treatment for
modified with NA for both stimulated release of serotonin viaParkinson’s disease and otkéts.
FSCV as welis basaheasurements with fast-scan controlled Wearable Sensors. With the growing popularity of
adsorption voltammetry (FSCAVJ. '9*For the latter study, smartwatches capable of tracking stepst rateand activity
Abdalla et akmployed NA-coated CFMs to measure ambientype,wearable electronic devices have emerged as a promising
serotonin in vivo in the hippocampusrofce'®® In Figure 7 detection platform for monitoring human health bench-
marks®" These devicesre easy to use,comfortableand

Current / nA can be automatednabling continuous biologicsgnsing®?

(BT A | Physical measurements, such as pulse or temperature, made on

30 0 -20 wearabledevicesare simple and robust. More elaborate
i ii chemicaimeasurementsormally accessed via blood samples,
have been performed noninvasively in naturally secreted bodily
fluids.These types of measurements are a breakthsiuggh,
they allow automated on-skin analysis (and may eliminate the
need for a finger prick or implanted sensor).Continued
development and integration of devices like these into daily life
will help to better define the human exposome and aid the
30 seconds 30 seconds i public health research sector.

& G o Carbon’sRolesin Wearable Sensors.Wearable sensors
° ——FSCAV in vivo must possessharacteristic propertiéscluding biocompati-

§ """ FSCAV in vitro bility, flexibility, and comfort to wear on human skin.
Grapheneand CNTs are frequently employed as base
materialspecause they can be combined with po!gymdns
createa conductiveand stretchablemateriaf’>~2° Con-
ductivity however, comes at the expense of flexibility: typically
a low weight percentage between 2 and 6 w¥ CNTs or
graphene is added to a polymer compodite,to the loss of
flexibility with increased carbon conteAt? 2'* One study

V vs. Ag/ AgClI (V) »

o]
©
3

(=2}
=3

Concentration (nM)
NS
o o

o

_0_8'.._ """""" | Wivs. AgLAgELY) employing CNT/chewing gum sensors notes that there is no

change in electricalesistance between 6 and 8 Vit CNT
Eigure 7 (A) Rgpresentative FSCAV color p|OtS. of serotpnin in vivadded; howeveat 8 wt % ,the materiabecomes much more
(|) and in vitro (ll). (B) CVs extracted from the third scan indicated rlgld and |Oses ﬂex|b|lﬂVFurthermore’ Conductl\/lty can also

by verticatlashed lines in A(i) and A(iijinset) Ambient serotonin

measurements in CA2 regionnobuse hippocampuSray markers . . . . _
representndividualmice, and orange markerepresentsveighted material. When adding CNTSs to a composite material, aligning

averaged response (n = 15 mice * standard &eprpduced from the CNTs with the same orientation vi_a a prestretchir)g process

Abdalla,A.; Atcherley,C. W.; PathirathnaP.; Samaranayaks,; has been Sh%wn to improve conductivity and electrical

Qiang,B. D.; PenaE.; Morgan,S. L.; Heien,M. L.; HashemipP. performanc%. As a result of this conductivity/flexibility

AnalyticalChemistry2017, 89, 9703-9711.Copyright © 2017 trade-off,there is much focuson developing novelcarbon

American ChemicSbociety. materialsand treatmentssuch as CNT/chewing gum?'®

graphene/silly putty (G-putty)!® and CNT-wrapped cotton

yarrf'’ to optimize a balancebetweenconductivity and

FSCAV color plots (pangl) are presented for in vivo and in  flexibility. Additional criteria for a wearable sensare high

vitro serotonin. Panel B displays representativecyclic energy densityJoad bearing capabilityand supercapacitor

voltammogramsrom these color plots that show good properties.®~*? It is cumbersomeand inconvenientto

agreementand the inset in panel B is the individual and connecta power supply to a person;one notable study

average serotonin concentrations in the mouse hippocampusgevelopeda self-poweredmaterial incorporating hybrid

The newestwork from this lab is expanding the geographic piezoelectric-pyroelectriomponent§>’ This flexible elec-

reach of FSCV to the prefrontal cortex in mitere discrete  tronic textile demonstrated excellent capabilities for harvesting

serotonin domains were identified by West &tal. mechanicalnd thermal energiesfunctioning as a nano-
Histamine has also been evaluated in vivo using WBICV, generator.

NA-coated CFMs and a histamine-specific waveform (600 V The vast majority of wearable sensorisicorporate these

s ' scanning from -0.5V to 0.7 Vto 1.1 V to —0.5%/)'>>  unique materials and deliver two major classes of information,

This waveform isunique in that it allowsfor simultaneous  physicabnd chemical.

be compromised by the arrangemerdf CNTs within the

detection of histamine and serotonin in the mouse PhysicalSensing.The large majority ofwearable devices
hypothalamusOther neurotransmitterand moleculeshave  collect _physical data such as touch,??7?**  move-
also been studied with CFMsincluding norepinephring? ment?'7#25723%nd speech’**2with some sensors capable
hydrogen peroxidé’ and adenosid&€®For more information ~ of measuringelectrophysiologicalignal§>*~2°° When the
readersare directed to the recentreview by Roberts & composite materiaxperiences straithe resistance (R) and
Sombers?® fractional resistancechange (AR/R® are measuredand

Most brain research remains limited to animals; little humareportedgenerating a calibratable output for each movement.
work has been accomplished. One example is the applicatiomtudse sensorsfypically configured aspatches have been
GCEs that have been fabricated into flexible arrays for use agpplied on different areas dfe body to target physiological
chemicabénd electricaensors as walb electricatimulators  responses and vitaBeverastudies utilizing sensors attached

37 DOI: 10.1021/acs.analchem.8b05151
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to the wrist were able to monitor systolic and diastolic blood are notsensitive enough to deteatchange in physiological
pressure and puf$é:?>*235-2Batches have also been appliedhuman temperatures in the absence of exéféise.
to the neck near the larynxyhere Park et aland Wu etal. Ongoing challenges for physisahsing include selectivity,
showed thata wrinkled CNT thin film and carbon black consistent manufacturingquality, and powering. As an
sensorgespectivelgre able to differentiate words by means example,it is difficult to distinguish between physical
of slight vibrational variations in syllables and into?éti%ﬁ% parametersuch as strain and temperaturé>® while each
AdditionallyBoland et alincorporated graphene into a cross- output is discretef both strain and temperature chantie
linked silicone polymesilly putty,creating what they caB- output signal is confounded. The reader is directed to Wang et
putty. The utility of this material is depicted in Figure 8, wheral.’s and Jian et al.’s 2017 review articles on new carbon-based
materials for wearable sensorsfor additional ongoing

. D 10—~ challengeslhese issues include difficulty manufacturing and
'Hti

|
[

A 22—

1 Finger wag
|

. j‘ll‘ll‘;\\‘ ’

I |

It R

i |

o i 04 bl

| ] Ball mass, m=6, pretreatingcarbon materialsin a robust manner,lack of
] Drop height, h=45cm | standards or validation methodad ongoing challenges self-
Hh' powering such devicesvhile maintaining conductivity and
‘ flexibility-222%
‘ Chemical Sensing. Wearable sensors for chemical detection
are an emerging field; thusports on this type of sensor are
s | limited. Chemicakensing is achieved by selectively detecting
S .. ”=3I°m —— analytes in aerosols and bodily fluksw analytes have been
0 5 10 15 20 25 0 20 40 60 80 100 detectedwithout the use of ion-selectivemembranesor
Time, t (s) Time, t (s) enzymesAmong thesé,ee et aldeveloped an MWCNT ink-
s B S ——— basedsensorfor potential dopaminedetectionin sweat,

] Inhele  Exhale 1 ] o m=6mg-20g, h=18cm showing excellenselectivity overcommon interferencesf
o Y ". \ / T g ™ e / ascorbicacid and uric acid®*® Additionally, Bariyaet al.

|

_: ,H‘W
| i ‘

R (MQ)

v 1

introduced roll-to-roligravure carbon-printed sensonsyvel
for their multielemental versatilithese sensors were capable
of detecting caffeine and Cu(ll) with SV and a numbeof
other analytes after surface functionalizatidRsirthermore,
wearable sensors have been used to detect gaseous industrial
6 Deep Breathing and workplace hazardou$!® For example,using PANI-
32 36 40 44 48 52 B4 1E3 001  O4 anchored MWCNTsMaity et al. were able to detectNH;
Time, t (s) Energy deposited, E__ (J) with good temporatesolution (9 s response/30 s recovery)
" and high stability (30 df*NO, and dinitrotoluene have also
been detected with wearable sensgrs*®
Enzyme and ion-selective membranes have been utilized to
improve sensitivityfor chemicalsensingEnzyme-modified
grapheneand CNT-based sensorsave been incorporated
into contactlenses forglucose and lactate measurements in
tears’*~?°' Biosensors have been used to measure @rféa,
glucoseand lactate in swedbr real-time health monitoring
during exercise and wound healifan-selective coatings on
carbon have allowed analysis of perspiration foKN&&*,
and pH-253’254
The appeal of wearable sensors is that they are user-friendly
Figure 8. Mechanicasensing applicatioref G-putty. (A) Finger for a nonexpertAs suchthese sensors have been fashioned
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joint movement(B) Breathing(C) Pulse.(D) Falling objects(E) into a number of different devices,includinsg a smart
Energy deposited by the falling objggtSpider footsteps (Pholcus  watch?>>2>°patch??®224226.227.2f3prjc?30-245.25jewelry’*®
phalangioide$)om BolandC. S.; Khanl.; RyanG.; BarwichS.; and innovativelyhe nosepiece of eyeglads&sSimplesmall,

CharifouR.; HarveyA.; Backe<.; Li, Z.; FerreiraM. S.; Mobius,  gnd portable voltmeters and potentiostats have been around

M. E.; YoungR. J.;Coleman,). N. Science 201854,1257-1260.  for many decades and used in proof-of-principle studies for

Reprinted with permission from AAAS. validating wearables utilitylore recentlydata outputs have
been modernized and brougbhline via integration into an
easy-to-use portable sensing platfédxsnsuchmany devices

it is applied to detect finger motion (A), breath (B), pulse (C):are automated with flexiblecircuit boardsand Bluetooth-

and impact from a falling object (E), and this materidias ~ €nabledso data can be directly uploaded into a user-friendly

enough sensitivity to detect a spider walking {F). app on a tablet or smartphofig ** 2%

These flexible carbon materials are also sensitive to

humidity'®> and temperaturé®®?*>° Dihn et al. in 2016 .CONCLUS|ON

described theuse of CNT yarns, when placed underthe Throughout this review we have highlighted the importance of

nose, to monitor breathing patterns via changes in temperatame-site and POC analysismphasizing carbon’s use in both

and humidity,a highly desirable technology fahe clinical environmentahnd biomedicahpplicationsThe criteria for a

setting’*® While these devices offaxcellentesponse time  suitable carbon-based sensor capabieabéample measure-

(<100 ms¥*°and good recovery (10s of secoridsf*they =~ mentsare outlined,including high sensitivitystability,and
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reproducibilityCarbon’s many advantageous qualities includ-in the Departmenbf Bioengineering dtnperialCollege London.

ing availability,easeof modification,and biocompatibility Her postdoctoral work took place at UNC Chapel Hill with Professor
make it an attractive materiat electrochemicahalysis-or of Chemistry Mark Wightman. Hashemi has pioneered an
environmentahnalysisgcontaminants have been measured in interdisciplinary and translationasearch program thaéenters on

air, soil, water, and consumables. Biologically, studies analyhinfpgically and environmentally impactfubleculesvith applica-
various organ systems are detailed both ex vivo, in blood, uriie@s in point-of-care diagnosti&he has received multiple career
and salivaand in vivo, in the lymph nodes gut, and brain. awards including: the Masao Horiba Award for Analgtieahistry
Speciabmphasis was placed on studies that show promise f¢2013); Eli Lilly Young Investigator Award in Analyti€lemistry
translation to human application&.inally, wearable sensors  (2015); a NationaBcience Foundation CAREER Award (2017); the
were highlighted for applicable on-body monitoring of physiclhiversity oSouth Carolina Breakthrough Stars Award (2018); the

and chemicaharkers. Society oPittsburgh Chemists Pittcon Achievement Award (2018);
The studiesmentioned in this review meetmany of the and the Society of Electroanalyt@ia¢mistry Royce Murray Young
criteria mentioned abovéoweverfew successfully fulfill Investigator Award in Analyti€iiemistry (2018).

the criteria necessary for an ideat-source sensols such,
there is significant progress being made in the field to improv.ACKNOWLEDGMENTS

fast and sensitive detection of contaminants and biomarkers:rhe authors would like to acknowledg@&thirathna for her
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